ABSTRACT. The relationship between cerebral blood flow (CBF) and the evolution of brain edema was investigated in an experimental model of perinatal hypoxic-ischemic brain damage. Seven-d postnatal rats were subjected to unilateral common carotid artery ligation followed by 3 h of hypoxia with 8% oxygen at 37OC. This insult produces neuronal necrosis and/or infarction only in the cerebral hemisphere ipsilateral to the arterial occlusion in the majority of animals; hypoxia alone produces no damage. CBF, measured by the indicator diffusion technique using iodo-[I4C]-antipyrine, and tissue water content were determined concurrently in both cerebral hemispheres at specific intervals during recovery from cerebral hypoxia-ischemia. Water contents in the ipsilateral cerebral hemisphere were 89.1, 89.6,89.7, 91.0, and 88.3% at 30 min, 4 h, 24 h, 3 d, and 6 d, respectively ( p < 0.001); whereas the percent tissue water in the contralateral hemisphere was unchanged from values in nonligated, hypoxic control rats (87.7%).
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CBF was similar in both cerebral hemispheres at 30 min, 4 h, and 24 h of recovery (50-65 mL/100 g/min) and not different from age-matched controls. At 3 and 6 d, CBF in the ipsilateral cerebral hemisphere was 30 and 26% of the contralateral hemisphere and 23 and 29% of the control animals, respectively (p < 0.001). No inverse correlation existed between the changes in brain water content and CBF at any interval until 6 d of recovery. Thus, an early hypoperfusion does not follow perinatal cerebral hypoxiaischemia, as occurs in adults. A late hypoperfusion takes place that results from rather than causes tissue necrosis seen histologically at 15-50 h of recovery. The results suggest that therapeutic attempts to improve CBF by reducing cerebral edema after hypoxia-ischemia will not alter ultimate neuropathologic outcome. (Pediatr Res 27: 450-453,1990) Abbreviation CBF, cerebral blood flow A well-known accompaniment to the brain damage that results from perinatal hypoxia-ischemia is cerebral edema (1-4). Despite the close association between selective neuronal necrosis or infarction and brain swelling, it is not yet known whether edema is simply a byproduct of tissue injury or whether edema actually contributes to or accentuates brain damage. Studies in adult animals have shown an inverse correlation between the development of cerebral edema and the appearance of a secondary or delayed hypoperfusion of the brain, which, in turn, might aggravate ultimate tissue injury (5-10). Taking the proposal one step further, Myers (1 1) has speculated, based on studies in the fetal monkey, that edema arises during the course of cerebral hypoxiaischemia, causing a persistent reduction in CBF and leading ultimately to tissue necrosis. Thus, cerebral edema may represent a critical event in the production of perinatal hypoxic-ischemic brain damage.
To resolve this important issue, we devised a set of experiments in an animal model of perinatal hypoxic-ischemic brain damage. The immature rat, in which brain damage can be readily produced by a combination of unilateral carotid artery occlusion and hypoxia with the inhalation of 8% oxygen, was chosen for study. A recently developed method to measure CBF in the immature rat was used concurrently with an analysis of the presence and extent of cerebral edema to ascertain the relationship of these two variables during recovery from hypoxia-ischemia.
MATERIALS AND METHODS
Dated pregnant Sprague-Dawley rats were purchased from Charles River (Wilmington, MA) and allowed to deliver spontaneously. Newborn rats were maintained with their dams until 7 d of postnatal age, at which time they underwent the procedures described below.
Induction of hypoxia-ischemia. To induce cerebral hypoxiaischemia, 7-d postnatal rats were anesthetized with halothane (4% induction; 1 .O-1.5% maintenance)-30% oxygen-balance nitrous oxide, during which the neck was incised longitudinally in the midline for a length of 1 cm. The right common carotid artery was identified, separated from contiguous structures, and permanently ligated with 4-0 surgical silk. The wound was closed with silk sutures and the animal allowed to recover from anesthesia. The entire surgical procedure lasted no more than 10 min. The rat pups were then returned to their dams for 4 h, after which they were placed in 500-mL airtight jars and exposed to a humidified gas mixture of 8% oxygen-92% nitrogen for 3 h. The jars were partially submerged in a 37°C water bath to maintain a constant thermal environment. The combination of unilateral carotid artery occlusion and hypoxia with 8% oxygen for 3 h has been shown to produce brain damage confined largely to the ipsilateral cerebral hemisphere in the vast majority of animals (12). Neither ligation nor hypoxia alone leads to brain damage; therefore, control animals were littermates that underwent only the latter procedure. After hypoxia-ischemia, the rat pups were returned to their dams until time of further experimentation.
Measurement of CBF. CBF was determined in litters of control and hypoxic-ischemic immature rats using an indicator fractionation technique previously described (13, 14 injection, the animals (two to three at each interval) were decap-- ton, CA) with appropriate blanks and standards. Mean blood
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radioactivities at each interval up to 60 s were determined to
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The brains of two to three rats killed at 1 min were immediately (dpm/g), X = brain:blood partition coefficient for iodo-antipyrine SEM, (mL/g) = 0.94 (1 3), CA = concentration of tracer in blood (dpml mL), T = time at end of experiment (1 min), and t = sometime recovery and remained significantly elevated for up to 3 d between 0 and T. To solve the equation, a series of substitutions posthypoxia-ischemia (p < 0.001). A slightly increased water was made for K on an IBM personal computer (IBM Instru-content (p < 0.05) was still apparent at 5 d of recovery. Water ments, Inc., Danbury, CT). The value of the integral was esti-content of the nonischemic, contralateral cerebral hemisphere mated using the trapezoid rule. The value of K providing the was near identical to those of the age-matched control hemicalculated value of CB(T) closest to the observed value provided spheres at all measured intervals (p > 0.05). The slow decline in the solution. This K multiplied by X x 100 = blood flow in mL/ the percent tissue water of the control brains from 7 to 13 100 g/min.
postnatal d is an age effect (1 7). Determination of brain water content. Samples (75-100 mg)
Despite the early and sustained increase in water content of of each cerebral hemisphere immediately adjacent to those spec-the ipsilateral cerebral hemisphere, CBF was not different from imens obtained for determination of CBF (see above) were either the contralateral or control cerebral hemispheric values at dissected and placed in tared 5-mL glass vials and weighed on a 30 min and 24 h of recovery (p > 0.05) (Fig. 1) . CBF was actually microanalytical balance. Subsequently, the tissue specimen was higher by 25% at 4 h Cp < 0.05). By 3 and 6 d posthypoxiadessicated at 70°C for 48 h. Reweighing of the vial ascertained ischemia, a substantial reduction in ipsilateral CBF had occurred the hemispheric dry wt, and by subtraction from the total hem-such that blood flows were 30 and 26% of the contralateral ispheric wt, the wet wt of the tissue was obtained. Water content cerebral hemisphere and 23 and 29% of control brains, respecwas determined as a percentage of total hemispheric wt according tively (p < 0.001) (Fig. 2) . No inverse correlation existed between to the formula:
CBF and the changes in water content at any interval until 6 d of recovery (Fig. 3) . total wt -dry wt Water content (%) = X 100 total wt
DISCUSSION

Statistical methods. Statistical methods used to analyze the
Our findings indicate that cerebral edema is a prominent data included the paired and unpaired t test and a correlation of feature of the brain damage that arises from unilateral common coefficients analysis.
carotid artery occlusion combined with 3 h of hypoxia in the immature rat (12, 18). The increase in water content, equivalent RESULTS to cerebral edema, is initiated as an early posthypoxic-ischemic event that continues for up to 3 d of recovery. A vasogenic Immature rats underwent concurrent measurements of cere-component to the edema is present, as documented by a previous bra1 hemispheric water content and CBF at 30 min, 4 and 24 h, study (1 8) in which both horseradish peroxidase and Evan's blue and 3 and 6 d of recovery from cerebral hypoxia-ischemia (Figs. dye readily extravasate from the blood stream into the paren-1 and 2). Littermate controls (hypoxia without arterial ligation) chyma of the damaged cerebral hemisphere. Despite its presence, underwent identical procedures at the same intervals. Water the extent to which cerebral edema is critical to produce or content of the cerebral hemisphere ipsilateral to the carotid artery accentuate hypoxic-ischemic tissue injury has yet to be fully occlusion was increased (p < 0.001) above mean values of either clarified.
cerebral hemisphere of control animals already at 30 min of Superficially, the changes in water content of the hypoxic- ischemic cerebral hemisphere appear rather modest, i.e. the maximal percent increase at 72 h of recovery was only 104% of the control value. However, a 4% increase in tissue water equates to a substantial increase in brain volume (19). Specifically:
% increase in brain volume = % dry wt (control) -% dry wt (hypoxia-ischemia) x 100 % dry wt (hypoxia-ischemia)
Thus, when cerebral edema was maximal, the hypoxic-ischemic cerebral hemisphere was 37% larger than the contralateral hemisphere or either hemisphere of the control animals. The major question to be resolved by our investigation was whether or not cerebral edema occurs to a degree sufficient to compromise the cerebral circulation during recovery from hypoxia-ischemia. A secondary hypoperfusion of the brain, in turn, might perpetuate metabolic perturbations that contribute to ul- timate tissue injury. The results presented here indicate that such is not the case, at least for immature rat brain, because despite substantial swelling of the hypoxic-ischemic cerebral hemisphere, CBF remained well within the normal range for up to 24 h of recovery. Thus, an early hypoperfusion does not occur, as has been shown in adult animals (6-10). Rather, a late hypoperfusion takes place that results from rather than causes tissue necrosis, as histologically confirmed brain damage is maximal at 15-50 h of recovery (1 2).
Why does an early postischemic hypoperfusion not occur in the immature rat in the setting of brain damage and cerebral edema which is equal to or greater than that of the mature animal (23)? In adult rodents subjected to either complete or incomplete cerebral ischemia sufficient to produce brain damage, perturbations in CBF measured with diffusible indicators persist well into the recovery period (7, 8, 10). Initially, there is a brief phase of cerebral hyperemia followed thereafter by hypoperfusion that lasts up to 24 h postischemic insult. The secondary or delayed hypoperfusion may be of a degree sufficient to render the brain vulnerable to additional ischemic damage.
Unlike our findings, an early hypoperfusion of the brain after hypoxia-ischemia has been observed in newborn sheep (20, 21).
Rosenberg et al. (20, 21 ) subjected lambs to partial asphyxia, after which CBF and the cerebral metabolic rate for oxygen were depressed by 37 and 30% of control, respectively, within 4 h of recovery. In this investigation, CBF was measured with radiolabeled microspheres rather than with a diffusible indicator, as in our study. Strictly speaking, microspheres would reflect blood cell flow to the brain, whereas a diffusible indicator would be more representative of plasma flow. Therefore, the apparent conflicting results of our study in rats and those in the newborn lamb might relate entirely to the differing techniques used to measure CBF. Another explanation for the descrepant results is the variation in the maturity of the animal brain at the time of experimentation. The functional and anatomic maturity of the sheep brain is advanced at birth relative to the 7-d postnatal rat (22). Accordingly, differences in the reactivity of cerebral blood vessels to posthypoxic-ischemic metabolic stress might account for the observed discrepancies in the CBF responses to cerebral hypoxia-ischemia in the two species (see below). Whatever the reason, it must be emphasized that only in the immature rat has is a rare occurrence in the ne6born infant, whereas herniation is not an uncommon accompaniment to stroke in adults (30) . Second, recent clinical investigations have shown that asphyxiated newborn infants who exhibit evidence of cerebral edema on CT scan manifest only modest or no elevation in intracranial pressure and no decrease in cerebral perfusion pressure (mean arterial blood pressure-intracranial pressure) (3 1, 32). Thus, as in the immature rat, hypoxic-ischemic brain swelling in the newborn human infant is not associated with any major disruption of the cerebral circulation so long as systemic blood pressure is maintained (31) . Any therapy to improve CBF by reducing cerebral edema after cerebral hypoxia-ischemia should not alter ultimate neuropathologic outcome (33) .
